The salt-tolerant yeast Zygosaccharomyces rouxii can adjust its osmotic balance when responding to osmotic shock by accumulating glycerol as the compatible osmolyte. However, the mechanism of glycerol production in Z. rouxii cells and its genetic regulation remain to be elucidated. Two putative mitogen-activated protein (MAP) kinase genes, ZrHOGl and ZrHOG2, were cloned from Z. rouxii by their homology with HOG1 from Saccharomyces cerevisiae. The deduced amino acid sequences of ZrHoglp and ZrHogZp indicated close homology to that of Hoglp and contained a TGY motif for phosphorylation by MAP kinase kinase. When ZrHOGI or ZrHOG2 was expressed in an S. cerevisiae hoglA null mutant, the salt tolerance and osmotic tolerance characteristics of wild-type 5. cerevisiae were restored. In addition, the aberrant cell morphology and low glycerol content of the hoglA null mutant were corrected, indicating that ZrHoglp and ZrHogZp have functions similar to Hog1 p. While the transcription of the glycerol-3-phosphate dehydrogenase gene (GPDl) of the ZrHOGl-harbouring S. cerevisiae mutant was similar to that of wild-type S. cerevisiae, the ZrHOG2-harbouring strain showed prolonged GPDl transcription. Both ZrhoglA and Zrhog2A Z. rouxii null mutants showed a decrease in salt tolerance compared to the wild-type strain. The present study suggested the presence of a high-osmolarity glycerol response (HOG) pathway in Z. rouxii similar to that elucidated in S. cerevisiae. Two putative MAP kinase genes in Z. rouxii appeared to be significant in either osmotic regulation or ion homeostasis.
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In Saccharomyces cerevisiae, hyperosmotic shock induces the enhanced formation and accumulation of glycerol as a compatible osmolyte (Reed et al., 1987) . This protects against osmotic lysis. Recently, the osmotic stress signal transmission pathway of S. cerevisiae has been elucidated, and was named the high-gsmolarity glycerol response (HOG) The GenBanUEMBUDDBJ accession numbers for the sequences in this paper are AB012146 (ZrHOG7) and AB012088 (ZrHOG2).
1993). It belongs to the mitogen-activated protein (MAP)
kinase cascade (Brewster et al., 1993) .
In the HOG pathway of S. cerevisiae, there are two osmosensors (encoded by SLNl and S H 0 2 genes) present in the plasma membrane (Ota & Varshavsky, 1993; Maeda et al., 1994) . The osmotic stress signal sensed by the SLNl product (Slnlp) is, in turn, transmitted from Ypdlp to Ssklp to Ssk2/22p (MAP kinase kinase kinase) to Pbs2p (MAP kinase kinase) and then finally to Hoglp (MAP kinase) (Posas et al., 1996) . On the other hand, Sholp (Maeda et al., 1995) regulates the action of Hoglp via Stellp (MAP kinase kinase kinase) and Pbs2p (Posas & Saito, 1997 T. IWAKI, Y. T A M A I a n d Y. WATANABE directly or indirectly enhances the activity of a transcriptional regulator which induces transcription of stress protein genes harbouring stress regulatory -elements (STRE) in their promoters (Schuller et al., 1994) . Since the glycerol-3-phosphate dehydrogenase (GPDH) gene (GPDI) harbours four STREs in the 5'-flanking region, the transcription of GPDI is enhanced and the enzymic activity increases under hyperosmotic conditions (Albertyn et al., 1994; Akhtar et al., 1997; Norbeck & Blomberg, 1997) . As a result, the intracellular concentration of glycerol rises and the osmotic balance is adjusted.
The salt-tolerant yeast Zygosaccharomyces rouxii also accumulates glycerol intracellularly as the main compatible osmolyte in response to hyperosmotic shock (Reed et al., 1987) . The participation of GPDH in the production of glycerol in 2. rouxii cells is not obvious.
Moreover, the transmission pathway of the osmotic stress signal has not yet been elucidated. Thus, in the present study, to clarify whether a similar pathway to that elucidated in S. cerevisiae is present in 2. rouxii, two 2. rouxii genes with homology to HOG2 were cloned and the functions of the cloned genes were analysed in S. cerevisiae hogIA null mutants. (w/v) NaC1. S. cerevisiae JBYlO (from Dr Gustin, Rice University, Houston, TX, USA; hoglA null mutant, MATa ura3 leu2 his3 trpl lys2 ade2 hogZ-AZ :: TRPZ) and INVScl strains (from Invitrogen; MATa his3-01 leu2 trpl-289 ura3-52) were cultured aerobically at 30 "C in YEPD medium (1 ' / o , w/v, yeast extract; 2 '/0, w/v, polypeptone; 2 ' / o , w/v, glucose). The plate cultures were carried out with YPAD or YEPD plates solidified by 2 ' / o (w/v) agar and inoculated with 5 p1 from serial 10-fold dilutions of stationary-phase cultures. Escherichia coli DH-1 and JM109 strains were cultured aerobically at 37 "C in LB medium (1 O h , w/v, tryptone ; 0.5 ' / o , w/v, yeast extract; 1 %, w/v, NaCl; p H 7.2). The plate cultures were conducted with LB plates solidified by 1.5% (w/v) agar.
METHODS
Cloning the Z. rouxii gene homologous to the 5. cerevisiae HOG1 gene. A HOGI-harbouring DNA fragment (approx. 950 bp) was obtained by PCR amplification with oligonucleotides 5' GGAACAAAGGGAAACAGGG 3' and 5' AGCCGAATAAGGATGAGCCA 3' as primers and S. cerevisiae genomic DNA as the template DNA. After purification by agarose gel electrophoresis, the DNA fragment was labelled with digoxigenin according to the application manual of the Digoxigenin DNA Labelling kit (Boehringer Mannheim) and used as a H O G l probe. Z. rouxii genomic DNA was digested with EcoRI, BamHI, HindIII, XbaI, KpnI or SmaI. The digests were electrophoresed on an agarose gel and DNA fragments in the gel were transferred to a nylon filter sheet with a vacuum blotter (Pharmacia Biotech). After fixing the DNA fragment to the nylon filter with a UV-cross-linker, hybridization was performed as described in our previous report (Watanabe et al., ~ L4L 1995), using a hybridization solution containing the H O G l probe (30 ng m1-I). The hybridized filter was first washed with 3 x SSC (1 x SSC contains 150 mM NaCl and 15 mM sodium citrate), 0.2% (w/v) SDS, 5 mM EDTA at room temperature and then filter sets were washed under one of the following conditions: (i) 2 x SSC, 0.2% (w/v) SDS, 5 mM EDTA, 42 "C; (ii) 0.3 x SSC, 0.2% (w/v) SDS, 5 mM EDTA, 55 "C; (iii) 0.2 x SSC, 0.2% (w/v) SDS, 5 mM EDTA, 55 "C; (iv) 0-1 x SSC, 0.2% (w/v) SDS, 5 mM EDTA, 55 "C. Hybridization of the HOGl probe was visualized with a Digoxigenin DNA Detection kit (Boehringer Mannheim) . Two signals derived from approximately 5 kb and 6 kb HindIII DNA fragments were detected under condition (iii). Z. rouxii genomic DNA was digested with HindIII. DNA fragments sized from 3.5 to 7 kb were collected and ligated with HindIII-digested charomid 9-36 cosmid DNA. After the in vitro packaging of its ligate, it was transfected to E. coli DH-1 cells. The prepared genomic DNA library indicated an efficiency of 2.4 x lo5 colonies pg-' for the charomid DNA. Five positive clones were obtained from the library (4 x lo4 colonies) by colony hybridization described in a previous report (Watanabe et al., 1995) with the H O G l probe.
DNA sequencing analysis and transformation of 5. cerevisiae.
Restriction enzyme maps of HindIII DNA fragments were constructed. After subcloning DNA fragments into pUC vectors, nucleotide sequences were determined with a Takara Taq Cycle Sequencing kit (Takara Shuzo) and an autosequencer (DSQ1; Shimadzu). S. cerevisiae cells were transformed according to the application manual of the Alkali Cation Yeast Transformation kit (Bio 101).
Construction of gene-disruption mutants of Z. rouxii HOG1
homologous genes (ZrHOGI and ZrHOG2). Gene disruption was carried out by the one-step gene disruption method (Rothstein, 1983) . Briefly, after subcloning the HindIII DNA fragment (ZrHOG1 or ZrHOG2, see Fig. 1 ) into the pUC19 vector, the recombinant DNA (pUC19-ZrHOG1 or pUC19-ZrHOG2) was digested with EcoRV (two EcoRV sites are present in the HindIII DNA fragment). A LEU2-harbouring DNA fragment, which was isolated by digesting YEpl3 with BgZII and then filled with Klenow fragment, was inserted into EcoRV-digested pUC19-ZrHOGZ or pUC19-ZrHOG2. After digesting pUC19-ZrHOGZ or pUC19-ZrHOG2 with Hind111 and removing pUC vector DNA, ZrHOG1-ALEU2 or ZrHOG2-ALEU2 DNA was used to transform 2. rouxii MAll-3 according to the method of Ushio et al. (1988) . Leu+ transformants were selected on SC medium without leucine (Rose et al., 1990) .
EcoRV-SalI DNA and EcoRV-PstI DNA fragments (see Fig.  1 ) were isolated from ZrHOGZ and ZrHOG2 HindIII DNA fragments, labelled with digoxigenin as described above, and used as ZrHOGl or ZrHOG2 probes. The gene disruption of ZrHOGl or ZrHOG2 was determined by Southern blot analysis with ZrHOGl or ZrHOG2 probes and genomic DNA prepared from gene-disruption mutants. * . * . ** * * *.******** *** ****** ********** * * .* ** * * * * * * * * * * ********** *******.**
Sc-HOG1 KLICLQDIFL SPLEDIYFVT ELQGTDLHRL IQTRPLEKQF VQYFLYQILR GLKYVHSAGV IHRDLKPSNI LINENCDLKI Ca-HOG1 NLITLDDIFI SPLEDIYFVN ELQGTDLHRL LWSRPLEKQF IQYFTYQIMR GLKYIHSAGV IHRDLKPSNI LINENCDLKI Zr-HOG1 NLICLQDIFL SPLEDIYFVT ELQGTDLHRL LQTRPLEKQF VQYFLYQILR GLKWHSAGV IHRDLKPSNI LINENCDLKI Zr-HOG2
NLICLQDIFL SPLEDIYFVT ELQGTDLHRL LQTRPLEKQF VQYFLYQILR GLKWHSAGV IHRDLKPSNI LINENCDLKI *** * * * * * * ********* ********** *..******* * * * * ***,* ********** ********** **********
STR YYRAPEIMLT WQKYDVEVDI WSAGCIFAEM IEGKPLFPGK DEVHQFSIIT DLLGSPPKDV STR YYRAPEIMLT WQKYDTEVDL WSVGCILAEM IEGKPLFPGK DEVHQFSIIT ELLGSPPADV STR YYRAPEIMLT WQKYDVEVDI WSAGCIFSEM IEGKPLFPGK VHVHQFSIIT DLLGSPPRDV STR YYRAPEIMLT WQKYDVEVDI WSAGCIFSEM IEGKPLFPGK DHVHQFSIIT DLLGSPPRDV
*** ********** ***** ***, ** ****.** ********** ********* .****** ** *** ****** ********** *******, at 30 "C in the absence of NaC1. Cells grown to the early exponential phase (OD,,, 0-5) were collected and subjected to a new medium containing 0.5 M NaC1. After incubation for an appropriate period, cells were harvested and washed twice with 0.5 M NaCl. The cell pellet was then suspended in 5 ml distilled water and disrupted by vortexing for 10 min with 5 g glass beads at 4°C . The homogenate was centrifuged for 20 min at 10000 g at 4 "C. The supernatant was immediately heated for 10 min in boiling water to inactivate enzymes connected to the metabolism of glycerol. After centrifugation for 20 min at 1OOOOg to remove denatured protein, the supernatant was used to measure the intracellular glycerol concentration. The glycerol content was determined according to the application manual of the Glycerol-F kit (Boehringer Mannheim).
Northern blot analysis of GPDI mRNA in 5. cerevisiae ZrHOGI-or ZrHOG2-harbouring strains. Total RNA was prepared from Y Cp5O-ZrHOG1 and YCp5O-ZrHOG2 strains according to a method described previously (Watanabe et al., 1995) . The DNA fragment that encodes the GPDl of S. cerevisiae was prepared by PCR amplification with oligonucleotides 5' ATGTCTGCTGCTGCTGATAG 3' and 5' AGACCCTCTGAAAAAAGTGGG 3' as primers and genomic DNA as a template. The DNA fragment was labelled with digoxigenin as described above and used as a GPDl probe. Northern blot analysis was carried out as described previously (Watanabe et al., 1993) . obtained. Restriction enzyme maps of HindIII DNA fragments present in cosmid DNAs recovered from the clones were constructed. By comparing their maps, the five clones were divided into two groups based on the size of their HindIII DNA fragments (Fig. 1) . One group (designated ZrHOGl) had 6 kb HindIII DNA fragments and the other group (ZrHOG2) had 5 kb fragments.
RESULTS

Cloning of
The nucleotide sequence of the region hybridized with the H O G l probe was determined for the two groups.
ORFs that lacked introns were found in both groups. Zrhog2A null mutants (data not shown). Both Z r b o g l A and Zrhog2A null mutants could grow in the presence of NaCl below 2-5 M (Fig. 3) . In contrast, the parental cerevisiae hog7A (JBYlO), wild-type (INVScl) and ZrHOGl-or ZrHOGZ-harbouri ng (YCp50-ZrHOG 1, Y Cp50-ZrHOG2, YE p 1 3-ZrHOG1 or YEpl3-ZrHOG2) strains. Cells were grown in the absence of NaCl and harvested a t OD6,,0.5. The cells were resuspended in fresh medium containing 0.5 M NaCl a t the same cell concentration and incubated a t 30°C for 1 h, and then glycerol content was determined. Results are the means of a t least three independent experiments. The standard errors of means are indicated. 0, NaCI-free; ., 0.5 M NaCI.
MAll-3 strain was able to grow in the presence of 3 M NaCl (Fig. 3) To elucidate the functions of ZrHOGI and ZrHOG2, complementation of an S. cerevisiae hoglA null mutant (JBY 10 strain) was tested with ZrHOGI and ZrHOG2. The salt tolerance of the JBY 10 strain is lower than that of the wild-type strain, because the enhancement of GPDH activity in response to osmotic stress is low when there is no MAP kinase gene (HOGI). If ZrHOGI or ZrHOG2 complemented the deletion of HOG1 in the S. cerevisiae JBYlO strain, the osmotic tolerance of the recombinant strain should increase when compared to the JBY 10 strain. This transcomplementation has been used to analyse the function of MAP kinase genes cloned from mammalian and plant cells (Galcheva-Gargova et al., 1994; Han et a/., 1994; Kumer et al., 1995; Popping et a[., 1996) . DNA fragments (HindIII fragments, see Fig. 1 ) which harbour the promoters, ORFs and terminators of ZrHOGI and ZrHOG2 genes were inserted into the yeast centromeric vector YCpSO and 2p-circle-based vector YEpl3, and the recombinant plasmid DNAs were transformed into the JBY 10 strain. The transformed yeast strains (YCp.50-ZrHOGI, YCpSO-ZrHOG2, YEpl3-ZrHOG2 and YEpl3-ZrHOG2 strains) were plated on plates containing 1 M NaCl, 1 M KCl or 2 M sorbitol (Fig. 4) . The hoglb null mutant (JBYlO strain) could not grow on these plates, ZrHOGI and YEpl3-ZrHOG2 strains indicated growth that was comparable to the wild-type strain (INVScl) under all conditions. These results indicate that both ZrHOGI and ZrHOG2 have functions similar to the S. cerevisiae MAP kinase gene (HOGI) and that at least In S. cerevisiae hog2A null mutants (JBY10 strain), the enhancement in intracellular glycerol content during osmotic stress was much lower (Fig. 5 ) than in the wildtype strain (INVScl). When the JBYlO strain, YCp.50-ZrHOGl and YCp.50-ZrHOG2 strains and YEpl3-ZrHOGZ and YEpl3-ZrHOG2 strains were cultured in the presence of 0 5 M NaC1, YCp.50-ZrHOGZ and YCp.50-ZrHOG2 strains and the YEpl3-ZrHOGZ strain showed a significant increase in glycerol content compared with the JBYlO strain (Fig. 5) . The YEpl3-ZrHOG2 strain showed only a slight increase in glycerol content (Fig. 5 ) . However, these increased levels of glycerol were lower than that observed in the INVScl strain. This difference may result from the lower promoter activity of ZrHOGZ or ZrHOG2 in S. cerevisiae cells. Also, no effect of increased ZrHOGl copy number on glycerol content was observed, and increased ZrHOG2 copy number negatively affected the production of glycerol. The cause of the negative effect of increases in ZrHOG2 copy number is unclear at the present.
It has been previously reported that S. cerevisiae hoglA null mutants have an aberrant cell morphology under osmotic stress, being large, multinucleated cells with multiple elongated buds (Brewster et al., 1993) . The S. cerevisiae hog2A null mutant JBYlO was similar to this, but a hog2A mutant harbouring YEpl3-ZrHOG2, YEpl3-ZrHOG2, YCp.50-ZrHOGZ or YCp.50-ZrHOG2 showed normal cell shape (Fig. 6 ). This indicates that the abnormal cell shape of hog2A null mutants can be rescued by the expression of ZrHOGZ or ZrHOG2.
Transcription of GPD7 in S. cerevisiae cells by expressing ZrHOG7 or ZrHOG2
As shown above, the expression of ZrHOGZ or ZrHOG2 enhanced the intracellular glycerol accumulation in S. cerevisiae hoglA null mutants. T o clarify whether ZrHoglp and ZrHog2p are functionally equivalent to Hoglp derived from S. cerevisiae (Albertyn et al., 1994) in regulating GPDZ transcription in S. cerevisiae, Northern blot analysis on GPDl was carried out in S. cerevisiae YCp.50-ZrHOGZ and YCp.50-ZrHOG2 strains. After NaCl shock the transcription of GPDZ in ZrHOG2 -and ZrHOG2-harbouring strains was induced markedly, to the same level as the S. cerevisiae wild-type INVScl strain, but the S. cerevisiae hog26 null mutant (JBY10 strain) failed to enhance the transcription of GPDl under the same conditions (Fig.   7 ) . This indicates that ZrHoglp and ZrHog2p have the same function as Hoglp and can regulate the transcription of GPDl in S. cerevisiae. Only a slight difference between Y Cp.50-ZrHOG1 and YCp.50-ZrHOG2 strains was observed. This was that the induction of GPDZ transcription in the YCp.50-ZrHOGZ strain was maximal at 30 min after NaCl shock and then diminished by 60 min, similar to that observed in the wild-type INVScl strain (Fig. 7 ) ; in contrast, the transcription of GPDl in the YCp.50-ZrHOG2 strain remained at the maximum level for 60 min (Fig. 7) . This may indicate that the regulation by ZrHoglp or ZrHog2p is different during the induction of transcription of GPDl in S. cerevisiae cells.
DISCUSSION
Cloning of putative MAP kinase genes (ZrHOGI and ZrHOG2) from Z. rouxii When S. cerevisiae cells are exposed to a high level of osmotic shock, a signal transmission pathway of osmotic stress, called the MAP kinase cascade (HOG pathway), is activated. This leads to elevated production of glycerol by GPDH and intracellular glycerol accumulated. The HOG1 gene product of S. cerevisiae is the key element in
